Background: Machado-Joseph disease is the most frequent dominant ataxia worldwide. Despite its frequency and presence in many populations, only 2 founder mutations have been suggested to explain its current geographic distribution.
M

ACHADO-JOSEPH DISEASE
(MJD) is an autosomal dominant ataxia first described in families of Portuguese-Azoreanextraction(Machado,Thomas,andJosephfamilies) in the United States. [1] [2] [3] Since then, MJD has been reported in many ethnic backgrounds and is known to be the most common spinocerebellar ataxia worldwide. Its relative frequency among the spinocerebellarataxiasishigherinPortugal(49%), 4 China (49%), 5 Brazil (44% 6 ; 92% in Rio Grande do Sul, Brazil 7 ), the Netherlands (44%), 8 Japan (43%), 9 andGermany(42%) 10 ;itsrelativefrequencyislowerinFrance(33%), 11 theUnited States (21%), 12 and Australia (12%) 13 ; and it is rare in the United Kingdom (5%), 14 India (3%), 15 and Italy (1%). 16 Machado-Joseph disease is a neurodegenerative disorder characterized by ataxia and limitation of eye movements, combined with more severe spasticity and dystonia in patients with earlier onset and with peripheral neuropathy in patients with later onset. 17 The gene responsible, the ataxin 3 gene (ATXN3), includes a CAG repeat in exon 10. Although exceptions have been reported, normal alleles range from 12 to 44 CAG repeats, whereas patients with MJD most often have 1 expanded allele with 61 to 87 repeats. 18 In our previous study, only 4 MJD intragenic haplotypes were found, but 2 (ACA or GGC) were present in 94% of all of the families. 19 Among patients originating from the Azores, we found islandspecific haplotypes: ACA in Flores and GGC in São Miguel; both haplotypes were found in mainland Portugal. The ACA haplotype was shared by 72% of all of the families worldwide, suggesting a founder mutation, although its origin and diffusion remained unresolved. The hypothesis was raised that the original event occurred in mainland Portugal, spread to the archipelago during its colonization, and from there spread to Brazil, the United States, and Canada, while the Portuguese seafare could explain its presence in Japan, China, and India. Nevertheless, the possibility that the mutational event associated with ACA occurred in other populations and was brought to the Azores and mainland Portugal could not be excluded.
Here, we intend to clarify these questions, determining the origins, age, and spread of the 2 mutational events through more extensive haplotype analyses.
METHODS
FAMILIES WITH MJD AND CONTROLS
We studied 264 families with MJD, from Portugal (104 families), Brazil (37 families), France (29 families), Japan (27 families), North America (23 families), Germany (14 families), India (4 families), Australia (4 families), Spain (3 families), the Netherlands (2 families), Norway (2 families), Yemen (2 families), Taiwan (2 families), England (1 family), the West Indies (1 family), Belgium (1 family), Algeria (1 family), Somalia (1 family), the Ivory Coast (1 family), Cambodia (1 family), and unknown origin (4 families). Family origin was defined as the family's most remote known ancestry in the affected line (families classified here as North American had no known previous origin; among the Australian families, 3 claimed to have English, Scottish, and Chinese ancestry, but this was rather uncertain). We genotyped healthy individuals as controls from Europe (277 phaseknown chromosomes from Portugal), Asia (100 unrelated chromosomes from China), and Africa (26 phase-known and 28 unrelated chromosomes from Angola and Mozambique). Peripheral blood samples were collected after informed consent was obtained, and genomic DNA was extracted by standard procedures.
IDENTIFICATION OF MJD LINEAGES
To analyze independent mutational events, we extended haplotypes, including (CAG) n , the previously studied singlenucleotide polymorphisms ( (Figure 1 ).
HAPLOTYPE ANALYSES
Extended haplotypes were based on 4 flanking short tandem repeats (STRs), (TAT) n , (CA) n , (AC) n , and (GT) n ( Figure 1 ). Amplification and genotyping conditions were performed as previously described. 20 PHASE software version 2.0 (http: //www.stat.washington.edu/stephens/software.html) was used to reconstruct haplotypes from genotypic data when the phase could not be directly inferred by family structure or by allelespecific amplification. Allele frequencies and phase-known haplotypes were taken into account, but only haplotype pairs with a probability greater than 0.6 were used for further analyses.
To estimate genetic distances among populations, we performed pairwise analyses with Arlequin software version 2.000 (http://anthro.unige.ch/software/arlequin/software), using the sum of square size difference (R ST ) as a measure of distance; R ST is an analogue of F ST suited for STR haplotype comparisons because it explicitly considers the number of single mutation steps between alleles. The resulting matrix of interpopulation values was plotted with multidimensional scaling using Statistica version 6 software (StatSoft, Tulsa, Oklahoma).
ESTIMATION OF AGE OF MUTATIONS
We estimated the age of the 2 mutations from the variation accumulated in their ancestral haplotypes. This method was modified to include both recombination (c) and mutation (µ) rates in the generation of variation. 21, 22 The probability of change per generation (ε) was given by ε =1−[(1−c)(1−µ)], and the average of mutation and recombination events () equals εt, where t is the number of generations.
RESULTS
MJD LINEAGES
The TTACAC lineage was shared by 19 of 20 populations, whereas GTGGCA was observed only in Portugal and 7 non-Portuguese families, which were from North America (4 families), Spain (1 family), the West Indies (1 family), and unknown origin (1 family). In the Portuguese families, both haplotypes were frequent but their distribution was heterogeneous: all of the 12 families from the northeastern mainland and virtually all of the families from Flores shared the TTACAC haplotype; in São Miguel, 10 families had the GTGGCA haplotype (also predominant in the central mainland) and 3 had the GTGCCA haplotype (Figure 2 ).
POPULATIONS OF ORIGIN AND SPREAD OF MJD MUTATIONS
For TTACAC, we found the highest molecular diversity among Japanese families, followed (in this order) by North American, French, German, Portuguese, and Brazilian families ( Table 1) . This suggests that the worldwide spread of the MJD lineage is more ancient in Japan than in any other populations studied. Further introductions would have occurred in North America, then throughout Europe and later in Brazil, according to lower diversity among these populations.
A less clear picture emerged for the origin of the GTGGCA lineage. The vast majority of families shared a Portuguese origin, harboring 7 of 11 STR-based haplotypes ( Figure 3) ; however, haplotypes in non-Portuguese families were more distant from each other, showing higher diversity (gene diversity±SD, 0.93±0.12) when compared with Portuguese haplotypes, which were separated by a single mutation or recombination and displayed much less diversity (gene diversity±SD, 0.44±0.08).
ANCESTRAL STR-BASED HAPLOTYPES
The most parsimonious relationships among flanking haplotypes are presented as phylogenetic networks ( Figure 3 and Figure 4 ). The probability of mutation vs recombination was evaluated, considering the number of stepwise mutations required, observed intermediate haplotypes, and allele and haplotype frequency in controls (eFigure). To determine ancestral or founder haplotypes, we considered the following: (1) frequency in each population, (2) number of unchanged alleles, and (3) number of families with haplotypes just 1 step away from that putative ancestral haplotype. According to these criteria, the mutation in TTACAC seems to have occurred in the H1 (8-25-14-19) haplotype ( Table 2) . Introduction in North American, French, Portuguese, and Brazilian populations occurred through the H12 (11-21-14-15) haplotype, whereas the 1-step-away H13 (10-21-14-15) haplotype was introduced in Germany. In the United States, the founder haplotype H12 reflects the European contribution, whereas phylogenetically more distant haplotypes suggest another, more ancient introduction of the same lineage; whether this occurred directly from the ancestral background or another genetic background is to be determined. Although there were no MJD haplotypes common to North American and Japanese families, intermediate haplotypes may have been lost over time. Assuming the TTACAC lineage spread worldwide from East Asia, it is intriguing that we could not find MJD haplotypes of Japanese origin as founders among North American families or in higher frequency in European families. Other populations, however (not included in this analysis owing to low numbers of families), carried some haplotypes from the ancestral Japanese background, such as those from India (H7 haplotype), the Ivory Coast (H7 haplotype), and Yemen (H3 haplotype), in addition to new haplotypes, such as the H28 (11-21-12-19 ) and H29 (10-23-18-19) haplotypes in India, the H30 (10-20-14-15) and H31 (13-23-14-15) haplotypes in Taiwan, the H32 (10-22-14-15) haplotype in Cambodia, and the H33 (16-21-14-13) haplotype in Belgium. It is noteworthy that Indian families, closer to the Japanese families in the multidimensional scaling representation (Figure 5) , shared a complete haplotype and many STR alleles with the putative ancestral population.
As for GTGGCA, the HЈ1 (10-28-18-19) haplotype seems to be the ancestral STR background, as it is shared by 65% of the families, whereas the rare haplotypes HЈ8, HЈ9, HЈ10, and HЈ11 could have originated and migrated from mainland Portugal to Spain, North America, and the West Indies. On the other hand, haplotypes HЈ3, HЈ4, and HЈ5, exclusively found in the Azores, derived from the second most frequent haplotype HЈ2 (16-22-18-19) , a recombinant of HЈ1. In this population, the finding of a third SNP-based haplotype (GTGCCA), explainable by a single (recurrent) mutation in C 987 GG/G 987 GG, is also noteworthy.
AGE OF MUTATIONAL EVENTS
Assuming a generation time of 25 years and based on the most accurate recombination estimates (from family data), the age calculated for the worldwide-spread lineage TTACAC was 5774 ± 1116 years ( Table 2) . Introduction of this mutation in North America seems to have occurred much later (3396 ± 1182 years ago), in concordance with the genetic diversity found; nevertheless, these ignore the possibility of different introductions of mutations identical by descent in a given population. In Europe, TTACAC seems to be even more recent, with ages less than 2000 years in Germany and France and less than 1000 years in Portugal. As for GTGGCA, the estimated age regardless of its origin was 1416 ± 434 years.
COMMENT
This study focuses on the main MJD mutations spread worldwide, explaining the current disease distribution. Analysis of haplotype backgrounds of fast-evolving polymorphisms (STRs) within distinct lineages (identified by genotyping of SNPs, which are rather stable) allowed us to assess their origins and follow their spreading routes. It is expected that, in the absence of strong selective pressures, the ancestral population of a given lineage will show the largest diversity, as mutation and recombination would have more time to generate new STR haplotypes. This should be taken with caution owing to the large variance that stochastic events underlying the evolutionary process carry: a large sample size is needed to infer origin, and inferences based on small samples may not be reliable. Moreover, accumulation of variation is also proportional to the effective population size; in smaller populations, haplotypes will coalesce earlier and thus accumulate less variation.
TTACAC LINEAGE
The high haplotype diversity among Japanese families as compared with all of the other families with the TTACAC lineage supports its Asian origin. Regarding the high frequency of this SNP-based haplotype among Asian controls as compared with the European and African control populations, 20 it could be hypothesized that recurrent mutations have been contributing to this high diversity. However, contrary to other trinucleotide repeat disorders, there are no reports to our knowledge of de novo MJD expansions, and intermediate alleles are rarely found. This is in accordance with a model where very few mutational events account for the cases observed nowadays.
The higher levels of diversity among French and German families as compared with Portuguese families do not support the hypothesis of an introduction of the TTACAC lineage in Europe exclusively from Portugal. In Europe, the presence of TTACAC expanded chromosomes is recent and indicates that this has not spread along with the Neolithic culture. Moreover, the low diversity and close phylogenetic relationships among haplotypes of Portuguese and Brazilian families suggest that historical links between these 2 populations are responsible for the presence of MJD in Brazil. In North America, separate introductions of the Abbreviation: MJD, Machado-Joseph Disease. a Alleles conserved in each population appear in bold. Haplotypes with an asterisk were reconstructed by the Bayesian method implemented in PHASE software version 2.0.
b The probabilities for the haplotypes reconstructed in PHASE software version 2.0 are shown in parentheses. c The recombination rate (c) was based on the physical distance between the 2 most distant markers (413.2 kilobases; c= 0.0058 cM) using both a conversion factor of 1 megabase=1.41 cM and the observed meiotic events (2 recombinations per 268 meioses; c= 0.0075 cM). The estimated probability of mutation per generation and per short tandem repeat was 2.95ϫ10 −3 (as 1 trinucleotide and 3 dinucleotide short tandem repeats were studied). The mutation rate for trinucleotides (6.13ϫ10 −4 ) was calculated as the median value between the rate for dinucleotide repeats (7.8ϫ10 −4 ) and tetranucleotide repeats (1.5-2.0 times lower than dinucleotides).
d Ancestral or founder haplotypes.
TTACAC lineage may have occurred directly from the ancestral Asian population, Europe, or both.
GTGGCA LINEAGE
As for GTGGCA, results are more controversial. Although it could be argued that haplotype variability was underestimated owing to sampling effects, this seems unlikely if we consider the high number of families studied and their rather distinct origins; thus, our findings might still be compatible with a Portuguese origin. Moreover, GTGGCA reaches its higher frequency in controls in Europe. 20 Taken at face value, the lower diversity among Portuguese haplotypes would imply a non-Portuguese origin for the ancestral line of GTGGCA; nevertheless, most of these chromosomes came from small isolated populations such as the Azores, which could lead to an underestimation of its age. One could contemplate the hypothesis of a non-Portuguese origin with a subsequent expansion within Portugal and loss of the ancestral haplotype; this is, however, a less parsimonious explanation.
AGE AND SPREAD OF ANCESTRAL MUTATIONAL EVENTS
The ancient TTACAC lineage may have occurred during the Bronze Age; the GTGGCA lineage, regardless of its population of origin, may have occurred less than 2000 years BP. Thus, both MJD mutations seem to be fairly recent as compared with other expanded repeat disorders. In Friedreich ataxia, the origin of expanded alleles was dated at about 25 000 years ago, following the population expansion of the Upper Paleolithic
23
; for type 2 myotonic dystrophy, the founding haplotype was calculated to be 5000 to 12 500 years old 24 ; in Huntington disease, the presence of the ancestral haplotype only in the Land of Valencia (Spain) was estimated to range from 4700 to 10 000 years old. 25 The age estimated for the expansion of TTACAC could explain its diffusion westward from East Asia through the trade routes established in central Asia known as the Silk Road; however, these results do not support admixture between Indian and Portuguese MJD populations and are against the hypothesis of MJD in India having been introduced from Portugal 19 as its reverse. 15 Historical links with Portugal, on the other hand, would be responsible for MJD among Brazilian families.
If the GTGGCA lineage indeed has a Portuguese origin, we could speculate about the Azores vs mainland Portugal as its starting point. Taking into account only the haplotype diversity in the Azores together with a recurrent mutation in C 987 GG/G 987 GG (a rare event) in that population, the HЈ1 haplotype could be a recombinant from the ancestral HЈ2, whereas the high number of mainland Portuguese families with the HЈ1 haplotype would be explained by a founder effect. Nevertheless, phylogenetic relationships among haplotypes from different populations suggest that more diversity has been generated from HЈ1, supporting its mutational origin in mainland Portugal. This fits well with the fact that the Azores were inhabited when they were first discovered in 1439, subsequently being colonized mostly from mainland Portugal.
CONCLUSIONS
The scarcity of de novo expansions in MJD led us to question worldwide disease frequencies. Considering the clinical phenomenon of anticipation together with the rarity of intermediate alleles that could act as a reservoir for recurrent full mutations, the extinction of expanded MJD alleles would be expected; however, we must take into account that a theoretical progressive elimination of alleles from the human gene pool must be faced over an evolutionary timescale where other demographic events interfere as well. Moreover, distinct mutational mechanisms may apply for different repeat disorders; it would be interesting to explore cis-or trans-acting factors involved in repeat stability in MJD. 
